In many natural and artificial devices diffusive transport takes place in confined geometries with corrugated boundaries. Such boundaries cause both entropic and hydrodynamic effects, which have been studied only for the case of spherical particles. Here we experimentally investigate diffusion of particles of elongated shape confined into a corrugated quasi-two-dimensional channel. Elongated shape causes complex excluded-volume interactions between particle and channel walls which reduce the accessible configuration space and lead to novel entropic free energy effects. The extra rotational degree of freedom also gives rise to a complex diffusivity matrix that depends on both the particle location and its orientation. We further show how to extend the standard Fick-Jacobs theory to incorporate combined hydrodynamic and entropic effects, so as, for instance, to accurately predict experimentally measured mean first passage times along the channel. Our approach can be used as a generic method to describe translational diffusion of anisotropic particles in corrugated channels.
. (a) Electron scanning image of a thin channel (H = 1.0 µm, α = 7/8). Narrow openings at the two ends are marked by red asterisks. The inset illustrates a section of the channel with laser-scanning contour, f (x), wall inner boundary, h(x), and upper effective boundary, g + (x, θ), delimiting the region accessible to the center of a rod with a given tilting angle, θ. Rod's length and width and wall thickness are denoted respectively by 2l X , 2l Y and d t . The coordinates x, y, z and X, Y refer respectively to the laboratory and body frames. (b) Sample of time discretized trajectory (dotted line) for a rod with l X =1.5 µm in a tall channel (H = 2.0 µm, α = 1); the rod's orientation at different times is also reported according to the depicted color-code.
extend the standard FJ theory to incorporate both effects; the resulting theory accurately predicts the experimentally measured mean first-passage times (MFPT's) associated with rod translation along the channel.
Experimental setup. Our channels were fabricated on a coverslip by means of a twophoton direct laser writing system, which solidifies polymers according to a preassigned channel profile, f (x), with a submicron resolution [5] . As depicted in Fig.1 (a) , the quasi-2D channel has a uniform height (denoted by H). In the central region, the periodically curved lateral walls form cells of length L with inner boundaries a distance y = ±h(x) away from the channel's axis. The preassigned profile f (x) is given the form of a cosine, which tapers off to a constant in correspondence with the cell connecting ducts, or necks, that is
The minimum (maximum) half-width of f (x) is denoted by f n(w) , respectively, whereas
(1 − α)L is the length of the neck. Due to the lateral wall thickness d t =0.8 µm [see inset
of Fig. 1(a) ], f (x) and h(x) are separated by a distance
We changed f n continuously for fixed L = 12 µm and f w = 4.6 µm, while for the remaining channel parameters we considered two typical geometries: tall channels (H = 2.0 µm, α = 1) and thin channels (H = 1.0 µm, α = 7/8).
After fabrication, channels were immersed in water with suspended iron-plated gold rods of width 2l Y = 0.3 µm and length 2l X , which varies in the range 1.6-3.2 µm . Using a magnet, we dragged a rod into the channel through a narrow entrance, which creates insurmountable entropic barriers to prevent the rod from exiting the channel. The rod's motion in such quasi-2D channel was recorded through a microscope at 30 frames per second for up to 20h [5] . We tracked rod trajectories in the imaging plane and extracted its center coordinates, (x, y), and tilting angle, θ, by standard particle-tracking algorithms. We detected no sizeable rod dynamics in the out-of-plane direction, see Movie S1.mp4 in Supplemental Material [36] .
A typical rod trajectory is displayed in Fig. 1(b) . The channel boundaries limit the space accessible to the rod and such a limiting effect depends on the rod's orientation: the rod gets closer to the boundary if it is aligned tangent to the walls. To quantify this orientation dependent effect, we distributed the recorded rod's center coordinates, (x, y), for a given orientation, θ, into small bins (0.26µm×0.2µm) and counted how many times the rod's center was to be found in each bin. The resulting rod center distributions for three values of θ are plotted in Fig. 2(a) . Nearly uniform distributions demonstrate that the rod diffuses in a flat energy landscape, whereas sharp drops of the distributions near the boundaries mark the edge of the accessible space, consistently with y = g ± (x, θ) computed from the excluded-volume considerations [see Fig. 2 (a)]. The channel boundaries also affect the rod's orientation. For instance, when the rod is relatively long, namely for h n < l X , then it tends to orient itself parallel to the channel direction inside the neck region, as illustrated in the middle panel of Fig. 2 
(a).
Fick-Jacobs free-energy. The rod diffusion can be described as a random walk in the configuration space (x, y, θ). The dashed curves y = g ± (x, θ) in Fig. 2 (a) illustrate how the walls limit the channel's space accessible to the rod's center for three different θ values.
From these curves one can construct a surface in the configuration space, as shown in Fig.   2(b) , and model the motion of the confined rod as that of a pointlike particle diffusing inside the reconstructed 3D channel enclosed by that surface. For a rod with length of about 1 µm, the relaxation times of θ and y are short enough for the FJ approach to closely reproduce the long-time diffusion in the reconstructed 3D channel (see supplemental Sec. IIB [36] ). To that end, we integrate the probability density ρ(x, y, θ, t) to obtain p(x, t) =˜ρ(x, y, θ, t)dydθ and the corresponding FJ equation governing its time evolution,
Here, θ) ]dθ represents the area of the (y, θ) cross section of the reconstructed 3D channel at a given point x. Three such cross sections are plotted in Fig. 2(c) . Restrictions in both the center coordinates, (x, y), and the tilting angle, θ, cause variation of G (x). The latter effect is most pronounced in the neck regions, as illustrated by the blue cross section in Fig. 2(c) . Consequently, the variations of G (x) modulate the FJ free-energy profile along the channel. The free-energy potentials plotted in Fig. 2(d) ,
, exhibit barriers of about 1.8k B T for a rod with a half-length l X = 1.6 µm, which is 50% higher than that of a sphere. This novel entropic effect is induced by particle shape and its strength increases with increasing rod length. [41] , so that D ave (x) in the neck regions is larger for longer rods. In addition to spatial variation, the hydrodynamic effects also cause a decrease of the local diffusivity of up to 25%, as compared to bulk values (see Supplemental Sec. IIA [36] ).
We next address the entropic corrections to the local diffusivity, D ave (x), which in the FJ scheme follow from the adiabatic elimination of the transverse coordinates [19, 20, 42] .
Reguera and Rubí proposed heuristic expressions to relate D(x) to D ave (x) in narrow 2D and 3D axisymmetric channels [20] . Unfortunately, such expressions do not apply to nonaxisym-metric "reconstructed" channels, see Fig. 2(b) , where one or more d.o.f.'s are represented by orientation angles. For this reason we approximated the reconstructed 3D channel of Fig. 2(b) to a quasi-2D channel with half-width G(x), adopted Reguera-Rubì expression [19, 20, 42] and arrived at the following estimate for D(x),
The validity and corresponding implications of Eq. (4) are discussed in Supplemental Sec.
IIA [36] .
Mean first-passage times. With both the entropic potential, − ln G(x)/G(0), and the effective logitudinal diffusivity, D(x), as extracted from the experimental data, one can next apply the FJ equation to analytically study the diffusive dynamics of confined rods. For example, we focus on the time duration, T (±∆x|0), of the unconditional first passage events that start at x = 0 and end up at x = ±∆x [see inset of Fig. 4(a) ], regardless of the fastrelaxing coordinates y and θ. The corresponding MFPT, T (±∆x|0) , can then be used to estimate the asymptotic channel diffusivity in narrow-neck cases, i.e.,
. Taking advantage of the symmetry properties of the system, Eq. (3) returns an explicit integral expression for the MFPT [19, 43] , reading:
In Fig. 4(a) we compare the predictions of Eq. (5) with the experimental measurements of T (±∆x|0) for six combinations of h n and l X . Without any adjustable parameters, Eq.
(5) yields predictions in excellent agreement with the experimental data and captures the fast increase of the MFPT in the neck region. In addition, the validity of our generalized FJ equation has been systematically explored by extensive Brownian dynamics simulations in Supplemental Sec. ID [36] .
Our experiments were controlled by two geometric parameters: the half-width of the channel's necks, h n , and the rod half-length, l X . Numerical and experimental results in Fig.   4 clearly reveal that the MFPT increases as the ratio h n /l X decreases. Moreover, provided that the rods are not too short, l X >0.8 µm, results for different choices of h n and l X , when plotted versus h n /l X , collapse onto a universal curve, as illustrated in Fig. 4(b) . This means that, in the experimental regime investigated here, proportional increases of h n and l X do not [36] . The dashed line is a guide to the eye. change the MFPT. For a qualitative explanation of such a property, we notice that increasing l X reduces the available configuration space and, simultaneously, raises the relevant entropic barriers [ Fig. 2(d) ]. As a consequence, longer rods, which also possess smaller diffusivity, Fig. 3(a) ], tend to diffuse with longer MFPT's. On the other hand, increasing h n lowers the entropic barrier, thus decreasing the MFPT. As quantitatively discussed in Supplemental Sec. IIC [36] , these two opposite effects tend to compensate each other, in our experimental regime, as long as the ratio h n /l X is kept constant.
In conclusion, we experimentally measured diffusive transport of colloidal rods through corrugated planar channels, upon systematically varying the geometric parameters of the rods and the channel. Anisotropic shape significantly impacts particle transport by altering free-energy barriers and particle diffusivity. Experimental observations were successfully modeled by generalizing the FJ theory for spherical particles in terms of an effective longitudinal diffusivity, with hydrodynamic and entropic adjustments, and an FJ free energy including the rotational d.o.f. Our method to quantify particle-shape-induced entropic effect (cf. Fig. (2) ) is also applicable to model the confined diffusion of even more complex particles, like patchy colloids [28] or polymers [29, 30] . Such particles possess additional d.o.f.'s, other than the pure translational ones, and, similarly to the colloidal rods in our experiments, their description would generally require higher dimensional configuration spaces. However, as in our work, fast relaxing d.o.f.'s ("perpendicular" to the channel direction) may be adiabatically eliminated and replaced by a reduced free-energy potential [ Fig. 2(d) ] together with an effective diffusivity function [Eq. (4) and Fig. 3(a) ]. Such a generalization of the FJ approach consequently may serve as a powerful phenomenological tool to accurately describe the diffusive transport of real-life particles in directed corrugated narrow channels.
